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BACKGROUND AND PURPOSE
Cognitive deficits in patients with Alzheimer’s disease, Parkinson’s disease, traumatic brain injury and stroke often involve
alterations in cholinergic signalling. Currently available therapeutic drugs provide only symptomatic relief. Therefore, novel
therapeutic strategies are needed to retard and/or arrest the progressive loss of memory.

EXPERIMENTAL APPROACH
Scopolamine-induced memory impairment provides a rapid and reversible phenotypic screening paradigm for cognition
enhancement drug discovery. Male C57BL/6J mice given scopolamine (1 mg·kg−1) were used to evaluate the ability of
LS-1–137, a novel sigma (σ1) receptor-selective agonist, to improve the cognitive deficits associated with muscarinic
antagonist administration.

KEY RESULTS
LS-1–137 is a high-affinity (Ki = 3.2 nM) σ1 receptor agonist that is 80-fold selective for σ1, compared with σ2 receptors.
LS-1–137 binds with low affinity at D2-like (D2, D3 and D4) dopamine and muscarinic receptors. LS-1–137 was found to
partially reverse the learning deficits associated with scopolamine administration using a water maze test and an active
avoidance task. LS-1–137 treatment was also found to trigger the release of brain-derived neurotrophic factor from rat
astrocytes.

CONCLUSIONS AND IMPLICATIONS
The σ1 receptor-selective compound LS-1–137 may represent a novel candidate cognitive enhancer for the treatment of
muscarinic receptor-dependent cognitive deficits.

Abbreviations
AD, Alzheimer’s disease; BDNF, brain-derived neurotrophic factor; BiP, binding immunoglobulin protein; ER,
endoplasmic reticulum; PPCC, methyl(1R,2S/1S,2R)-2-[4-hydroxy-4-phenylpiperidin-1-yl)methyl]-1-
(4-methylphenyl)cyclopro-panecarboxylate; QNB, quinuclidinyl benzylate
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Introduction
Impairment in learning and memory is seen in (i) aged popu-
lations, (ii) patients with neurodegenerative diseases includ-
ing Alzheimer’s disease (AD) and Parkinson’s disease, (iii)
stroke patients and (iv) patients with traumatic brain injury
(Scarpini et al., 2003; Tarawneh and Galvin, 2010; Ruscher
et al., 2011). Although the causes of cognitive impairments
vary, previous studies have suggested that alteration in cho-
linergic neurotransmission may play an important role in the
disruption of learning and memory (Francis et al., 1999; Craig
et al., 2011; Dumas and Newhouse, 2011). According to the
cholinergic hypothesis, age-dependent cognitive decline is
primarily related to impairment in cholinergic neurotrans-
mission (Bartus et al., 1982; Coyle et al., 1983; Kirk et al.,
1994).

Administration of the competitive cholinergic muscarinic
receptor antagonist scopolamine causes cognitive dysfunc-
tions similar to those observed in normal aging and AD (Ebert
and Kirch, 1998; Bejar et al., 1999; Klinkenberg and Blokland,
2010). A scopolamine-dependent model of cognitive deficits
has been used to screen for potential cognition-enhancing
drugs (Flood and Cherkin, 1986; Ennaceur and Meliani, 1992;
Antonini et al., 2009; Klinkenberg and Blokland, 2010). Since
the sigma σ1 receptor is known to potently modulate cholin-
ergic neurotransmission at different levels (van Waarde et al.,
2011), we investigated the effect of our novel σ1 receptor-
selective ligand, LS-1–137, on scopolamine-dependent cogni-
tive deficits.

The σ1 receptors are expressed in the hippocampus,
frontal cortex and olfactory bulb. In the periphery, σ1 recep-
tors are expressed in the heart, lungs, kidneys, liver and
gonads (Vilner et al., 1995; Kitaichi et al., 2000; Hayashi and
Su, 2005). This receptor has been identified as an endoplas-
mic reticulum (ER) resident protein located on the interface
of the ER and mitochondria (Hayashi and Su, 2007).

The σ1 receptor is a 25 kDa protein that shares no amino
acid sequence homology with any of the known mammalian
proteins (Seth et al., 1998; Hayashi and Su, 2005; Kourrich

et al., 2012). The σ1 receptor possesses two transmembrane
spanning regions. The carboxy terminus of the σ1 receptor
is involved in chaperone activity and ligand binding
(Hayashi and Su, 2007; Kourrich et al., 2012). Recently,
Fontanilla and co-workers suggested that the hallucinogen
N,N-dimethyltryptamine may be the endogenous ligand
(Fontanilla et al., 2009). In addition, the neurosteroids pro-
gesterone, pregnonolone sulfate and dehydroepiandroster-
one sulfate have appreciable affinity for the σ1 receptor
(Maurice et al., 1998; Kourrich et al., 2012).

Rather than being a classical receptor signalling unit, σ1
receptors probably act as intracellular modulators of a variety
of signal transduction systems. The σ1 receptor has also been
postulated to act as a molecular chaperone that regulates
cellular survival and synaptogenesis (Hayashi and Su, 2007;
Tsai et al., 2009; Fujimoto et al., 2012). Ligands selective for
σ1 receptors have been reported to exert antidepressant-like,
anxiolytic and analgesic actions in preclinical studies
(Hayashi et al., 2011). In addition, σ1 receptor occupation has
been linked to neurorestorative effects and has been sug-
gested as a novel therapeutic target for the treatment of
cognition deficit (Maurice et al., 1994; 1996; Urani et al.,
1998; Maurice, 2002; Espallergues et al., 2007; Antonini et al.,
2011; van Waarde et al., 2011; Kourrich et al., 2012).

Our laboratory previously reported on the neuroprotec-
tive properties of the σ1 receptor ligand, LS-1–137, which is a
novel N-(benzylpiperidin)phenylacetamide that binds to the
σ1 receptor with high affinity (Ki value = 3.2 nM) and exhibits
80-fold binding selectivity for the σ1, over the σ2 receptor
(Huang et al., 1998; 2001). LS-1–137 was found to protect
HT-22 neuronal cells from glutamate-induced cell death and
LS-1–137 was found in vivo to significantly reduce the ischae-
mic lesion volume in rats using a transient middle cerebral
artery occlusion model of stroke (Luedtke et al., 2012). In this
communication, we continue to characterize LS-1–137 by
examining its (i) intrinsic efficacy in vitro, (ii) ability to mod-
erate scopolamine-dependent cognitive deficits in C57BL/6J
mice and (iii) potency to release brain-derived neurotrophic
factor (BDNF) from rat astrocytes.

Tables of Links
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Other proteinsa

Sigma σ1 receptors
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Dopamine D2 receptors
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These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (a,b,c,dAlexander et al., 2013a,b,c,d).
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Methods

Animals
All animal care and experimental procedures complied with
the ‘Guide for the Care and Use of Laboratory Animals’ (Insti-
tute of Laboratory Animal Resources, Commission on Life
Sciences, National Research Council, 1996) and were
approved by the Institutional Animal Care and Use Commit-
tee at University of North Texas Health Science Center.
Studies involving animals are reported in accordance with
the ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010). A total
of 66 animals were used in the experiments described here.

Male C57BL/6J (6–8 weeks) mice were obtained from
Jackson Laboratories. Mice were habituated for 1 week in the
animal facility before behavioural studies were initiated. Mice
were housed under 12 h light/12 h dark conditions with free
access to food and water. The animals were randomly
assigned into eight different groups.

Preparation of drug
The σ1-selective test drug, LS-1–137, was synthesized
by the NIMH Chemical Synthesis and Drug Supply Program
as described previously (Huang et al., 1998; 2001; Luedtke
et al., 2012). Scopolamine hydrobromide was purchased
from Sigma-Aldrich (St. Louis, MO, USA). The σ1 receptor
agonist (+/−)-PPCC (methyl(1R,2S/1S,2R)-2-[4-hydroxy-
4-phenylpiperidin-1-yl)methyl]-1-(4-methylphenyl)cyclopro-
panecarboxylate) oxalate (Cat# 3870), the σ1 receptor agonist
PRE-084 (Cat# 0589) and the σ1 receptor antagonist NE-100
(Cat# 3133) was purchased from TOCRIS/B&D Systems
(Bristol, UK). For the animal behavioural studies, scopola-
mine (1 mg·kg−1) and test drugs were prepared on the day of
the experiment. Scopolamine was dissolved in sterile water
and test drugs in 5% dimethyl sulfoxide. Drugs were admin-
istered via intraperitoneal injection. Test drug was injected
15 min prior to scopolamine hydrobromide administration.
The relevant behavioural testing was started 30 min after the
scopolamine injection. For the co-immunoprecipitation
studies, test drugs were dissolved in culture medium.

σ1 receptor–binding immunoglobulin protein
(BiP) association assay
CHO cells were maintained in MEM/alpha culture medium
supplemented with 10% heat inactivated FBS and 2 mM of
Glutamax (Invitrogen, Carlsbad, CA, USA). CHO cells were
plated in 6-well plates and treated with test compounds dis-
solved in culture medium for 30 min at 37°C. The reaction
was terminated by removing the culture medium containing
the test drug and replacing it with 3 mL of PBS. CHO cells
were harvested and suspended in 50 mM HEPES (pH 7.4)
followed by cross-linking with 50 μg·mL−1 of dithiobis succin-
imidyl propionate (Thermo Scientific, Watham, MA, USA).
The reaction was stopped by adding Tris/HCl 50 mM
(pH 8.8). After a 15 min incubation on ice, cells were lysed
with 50 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton X/100,
0.3% sodium deoxycholate, 0.1% SDS buffer containing a
protease inhibitor cocktail (Roche Complete; Roche Applied
Science, Mannheim, Germany). After centrifugation at
12 000× g for 1 min, the supernatant was incubated with σ1

receptor antibody (Abcam, Cambridge, UK, #ab53852) over-
night at 4°C. The cell lysate was then incubated with Sepha-
rose Protein-A (Invitrogen) for 90 min. After centrifugation at
12 000× g for 1 min, the supernatant was discarded and the
pellet was suspended in 0.5 mL lysis buffer. The pellet sus-
pension was centrifuged at 12 000× g for 20 min, supernatant
was discarded and the pellet was suspended in 0.5 mL 2×
sample buffer/bMCE buffer. After centrifugation at 12 000 g
for 1 min, supernatant was analysed by ELISA assay as
described in the manufacturer’s protocol (USCNK Life Sci-
ences, Hubei, China, SEC343Mu).

Active avoidance test
The active avoidance test is an associative learning test (Olton
and Isaacson, 1968; Shetty et al., 2013) where mice were
placed in an acrylic T-shaped apparatus with black coloured
walls and a clear ceiling. The T-shaped apparatus was divided
into three compartments, a stem and two goal arms. Each
compartment was separated with a removable door.

The apparatus rested on a grid floor made of stainless steel
rods that were 3 mm thick and 7 mm apart. A 0.69 mA scram-
bled shock was delivered to the grid floor by pressing a foot
pedal connected to a programmable animal shocker (San
Diego Instruments, San Diego, CA, USA).

In this test, a mouse was placed in the start box and the
door was immediately removed to signal the start of the trial.
On the first trial, the mouse was shocked in the first arm
entered and was allowed to escape to the opposite arm, des-
ignated as the correct arm for the remainder of the session.
On subsequent trials, a shock was initiated if the mouse did
not enter the correct arm in less than 5 s and the shock
continued until the mouse entered the correct arm. Upon
entering the correct arm, the mouse was allowed to rest for
10 s and was then returned to a holding cage.

In these experiments, there was an interval of 1 min
between trials. The session ended when the mouse met the
following three criteria: (i) the mouse chose the correct arm
in the last four out of the five trials, (ii) the mouse avoided the
shock by entering the correct arm in less than 5 s and (iii)
the mouse chose the correct arm and avoided the shock in
the last two consecutive trials. The ability to learn the avoid-
ance task was considered inversely proportional to the
number of trials a mouse takes to reach criterion.

Spatial learning and memory/water maze
Spatial learning was evaluated using the Morris water maze
(Morris, 1984; D’Hooge and De Deyn, 2001), slightly modi-
fied from the method previously reported (Shetty et al.,
2013). The apparatus consisted of a white polyethylene cir-
cular pool, 120 cm in diameter and 50 cm deep. The pool was
filled with water to a height of 34 cm (15 cm below the top
edge of the tank). The water temperature was 24 ± 1°C. The
water was made cloudy by the addition of white, non-toxic
paint. Four equally spaced points served as the start locations,
dividing the tank into four equally spaced quadrants. A plat-
form (10 × 10 cm), located in the northwest quadrant, was
submerged 1 cm below the water so the mice could climb
onto the platform. A video camera, mounted above the
centre of the tank, was connected to a computer running an
ANY-maze video tracking system software package (Stoelting,
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Wood Dale, IL, USA) to record the behaviour of the mice. The
tank was located in a portion of the room with external cues
on the wall, which could be used by the animals for orienta-
tion of the platform. The testing was conducted in two
phases: (i) a straight alley pre-training phase and (ii) a spatial
discrimination acquisition phase.

Straight alley (pre-training phase). The straight alley pre-
training phase is essential because this is when the mice first
learn the motor components of swimming and climbing onto
a platform. They also learn that there will be a platform
hidden below the surface of the water and that it is available
for them to escape from the water.

For the pre-training phase, the mouse was placed at end of
a 10 × 60 cm acrylic alley and allowed to swim to the other
end, where the 10 × 10 cm platform was located. The time for
the mouse to swim to and climb onto the platform was
recorded. Visual cues were removed by placing a black curtain
around the tank. For this study, mice received one session
with five trials per day. The pre-training phase was conducted
for two days (Friday and Monday). There was an inter-trial
interval of 5 min between each of the five trials.

Spatial discrimination acquisition phase. In the acquisition
phase, the mouse learns and remembers the location of the
platform. This phase was started immediately following the
last day of the pre-training phase. In the acquisition phase,
the black curtain was removed and mice were allowed to use
visual cues in the room to locate the hidden platform. The
mouse was placed in a circular pool with its back end first and
its head facing the side of the pool to avoid any distress and
bias. The tracking system was started immediately after the
mouse was placed in the pool. The trial ended either when
the animal climbed onto the platform or after 90 s elapsed.
Each testing day consisted of five trials, with each trial start-
ing from one of the four possible starting locations, from
where the mouse swam until it located the platform. Once
the mouse had reached the platform, it was allowed to rest in
the holding cage for a 90 s inter-trial interval. The path
length (distance to the platform), latency (time taken to reach
the platform) and swim speed were recorded by a tracking
system (ANY-maze). For this study, each mouse received a
single session for three subsequent days (Tuesday–Thursday).
Drugs were injected every day prior to testing.

Radioligand binding studies
The binding properties of membrane-associated receptors
were characterized using a radioligand filtration binding
assay. The muscarinic receptor-binding protocol was identical
to that described previously (Luthin and Wolfe, 1984). Briefly,
frozen male Sprague Dawley rat brains were obtained from
BioChemed (Winchester, VA, USA). Rat cortex was dissected
on a chilled glass plate. The homogenized cortical tissue was
stored at −80°C in binding buffer (50 mM Tris-HCl, 150 mM
NaCl, 10 μM EDTA at pH 7.4). At the time of the experiment,
rat cortical tissue was thawed on ice, re-homogenized, diluted
in binding buffer and incubated with [3H]-quinuclidinyl ben-
zilate ([3H]-QNB; PerkinElmer, Waltham, MA, USA) and drugs
at 37°C for 60 min. Atropine (1 μM) was used to define the
non-specific binding. The final assay volume was 4.0 mL.

Binding was terminated by the addition of the cold wash
buffer (10 mM Tris–HCl, 150 mM NaCl, pH = 7.5) and filtra-
tion over a glass-fibre filter (Pall A/B filters, #66198, Fisher
Scientific, Pittsburgh, PA, USA). For these competitive radio-
ligand binding studies, the IC50 values were determined
using a one site fit analysis. The IC50 values were converted
to equilibrium dissociation constants (Ki values) using the
Cheng and Prusoff (1973) correction assuming a Kd value for
the binding of [3H]-QNB of 0.04 nM. Mean Ki values ± SEM
are reported for at least three independent experiments
(Cheng and Prusoff, 1973).

BDNF release assay
Primary astrocytes were derived from the cerebral cortex of 3
day post-natal Sprague Dawley rats. Briefly, after removal of
the brain from the cranial cavity, the meninges were removed
and the cerebral cortex was dissected and placed into a sterile
tube containing 2 mL of the dissociation solution [1.9 mL
PBS, pH 7.2 with 0.25% trypsin (final concentration)]. After
the tube was incubated at 37°C for 10 min, it was centrifuged
at 400× g for 5 min. The resulting pellet was resuspended in
2 mL of plating media (DMEM with sodium pyruvate/10%
FBS + 1% penicillin/streptomycin) and dissociated further
with the aid of a fire-polished Pasteur pipet. The cells were
then centrifuged and resuspended in 2 mL of plating media.
After these resuspension and centrifugation steps were
repeated twice, the cell suspension was filtered through a
70 μm cell strainer into a 50 mL conical tube. The filtrate was
diluted by adding 5 mL of plating media (DMEM F-12 media
supplemented with 2 mM glutamine, non-essential amino
acids, 10% fetal calf serum, and 1% Pen-Strep). The cells were
counted and plated into antibody coated 96-well plates (37°C
with 5% CO2). The media were changed every 48 h.

LS-1–137-mediated release of BDNF was determined using
a method previously described (Su et al., 2012). Briefly, a
96-well Nunc MaxiSorp polystyrene plate (Thermo Fisher Sci-
entific, Rochester, NY, USA) was pre-coated with an anti-
BDNF monoclonal antibody (Promega, Madison, WI, USA,
G700B). After rinsing off the unbound antibody and blocking
the plate to minimize non-specific binding, the culture
medium was added for 2 h to equilibrate the cell growth
environment. Rat astrocytes were then plated at a density of
10 000 cells·per well). After the cells attached to the surface,
cells were treated with LS-1–137. BDNF standards, ranging in
concentration from 0 to 500 pg·mL−1, were added in parallel
wells. The plate was then incubated with the polyclonal anti-
human BDNF antibody (Promega G164C). Anti-IgY-HRP ter-
tiary antibody (Promega G767A; final concentration =
0.5 μg·mL−1) was used to detect specifically bound polyclonal
antibody. The BDNF release was quantified by measuring the
absorbance at 450 nm using a Viktor3 ELISA plate reader
(PerkinElmer).

NMDA analysis
Recombinant receptors. cDNAs encoding rat GluN1 and
GluN2A were generous gifts from Dr. David Lynch (Univer-
sity of Pennsylvania). HEK 293 cells were transiently trans-
fected with recombinant NMDA receptor subunits using
PolyJet™ DNA in vitro tranfection reagent (SignaGen Labora-
tories, Rockville, MD, USA). HEK 293 cells were washed and
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placed in fresh DMEM containing 10% FBS and antibiotic
(penicillin 100 U·mL−1). GluN1 along with GluN2A cDNA
(0.5:0.5 μg) was added to cells growing exponentially on one
poly-L-lysine-coated coverslip placed in a 35 mm culture
dish. Transfected cells were used for electrophysiological
analysis 24 to 48 h after the transfection.

Electrophysiology. Whole-cell patch recordings were made
at room temperature (22–25°C) at a holding potential of
−60 mV. Patch pipettes of borosilicate glass (M1B150F, World
Precision Instruments, Inc., Sarasota, FL, USA) were pulled
(Flaming/Brown, P-87/PC, Sutter Instrument Co., Novato,
CA, USA) to a tip resistance of 7–8 MΩ. The pipette solution
contained (in mM): 140 KCl, 2 MgCl2, 0.2 EGTA, 10 HEPES, 2
Na2-ATP, 0.2 Na3-GTP at pH 7.2. A coverslip containing trans-
fected cells was placed in a small chamber (∼1.5 mL) on the
stage of an inverted light microscope (Olympus IMT-2) and
superfused continuously (5–8 mL·min−1) with the following
external solution containing (in mM): 125 NaCl, 5.5 KCl, 5.0
CaCl2, 20 HEPES, 10 D-glucose, 10 μM glycine; pH 7.3.
NMDA was prepared in extracellular solution and was applied
(10 s) to cells via gravity flow using a Y-shaped tube posi-
tioned near the target cell. With this system, the 10 to 90%
rise time of the junction potential at the open tip was 60–120
ms. NMDA-evoked currents from the whole-cell configura-
tion were obtained using a patch clamp amplifier (Axopatch
200A, Axon Instruments, Foster City, CA, USA) equipped
with a CV201A headstage. The currents were low-pass filtered
at 5 kHz, monitored on an oscilloscope and a chart recorder
(Gould TA240) and stored on a computer (pClamp 6.05, Axon
Instruments) for subsequent analysis. To monitor the possi-
bility that access resistance changed over time or during
different experimental conditions, at the initiation of each
recording, the current response was measured and stored on
a digital oscilloscope to a 5 mV voltage pulse. This stored
trace was continually referenced throughout the recording. If
a change in access resistance was observed throughout the
recording period, the patch was aborted and that data were
not included in the analysis.

Data analysis
The effects of treatment on the active avoidance and BDNF
release were analysed via one-way ANOVA. The effects of treat-
ment on Morris water maze data were analysed using two-way
ANOVA with treatment and test day as between-group factors.
Planned individual comparisons between different treatment
groups were performed using a single degree-of-freedom F-test
involving the error term from the overall ANOVA. The effect of
LS-1–137 on recombinant NMDA receptors was analysed
using a paired t-test. Significance for all statistical compari-
sons was set at P ≤ 0.05. The data were analysed using Prism
6.0a; GraphPad Software (San Diego, CA, USA).

Results

Binding properties
The phenylacetamide LS-1–137 binds with high affinity at σ1
receptors (Ki value = 3.2 nM), 80-fold σ1 versus σ2 receptor-
binding selectivity and low affinity at the D2-like (D2, D3 and

D4) dopamine receptor subtypes (Ki values >500 nM; Luedtke
et al., 2012).

σ1 receptor–BiP association assay for intrinsic efficacy. The
intrinsic efficacy of LS-1–137 was evaluated by determining
its ability to modulate σ1 receptor-BiP association. As shown
in Figure 1, LS-1–137 (10 μM) caused the dissociation of σ1
receptor/BiP complex and the LS-1–137-dependent dissocia-
tion of σ1 receptors from BiP was blocked by NE-100. Based
upon these results, LS-1–137 is acting as an agonist at σ1
receptors. One-way ANOVA indicated that the effect of treat-
ment was significant [F(4,33) = 55.7; P < 0.0001].

Active avoidance task
The ability of LS-1–137 to attenuate the disruptive effects of
scopolamine (1 mg·kg−1) in male C57BL/6J mice was evalu-
ated using an active avoidance task. LS-1–137 was tested at a
dose of 3 mg·kg−1 and reference compounds PRE-084, PPCC
and NE-100 were tested at 5 mg·kg−1. All drugs were admin-
istered via i.p. injection 15 min prior to the administration of
scopolamine and the active avoidance task was started
30 min following the administration of scopolamine.

Vehicle-treated mice met the criterion in an average of
14.6 ± 1.1 trials (Figure 2A). Scopolamine-treated animals met
the criterion after 40.2 ± 2.3 trials. For mice treated with
LS-1–137 (3 mg·kg−1) plus scopolamine, the animals met the
criteria in 29.0 ± 1.9 trials. One-way ANOVA indicated a signifi-
cant effect of LS-1–137 treatment compared with vehicle con-
trols [F (3, 24) = 45.8; P < 0.0001]. Also, the administration of

Figure 1
LS-1–137 regulation of σ1 receptor-BiP complex formation. The effi-
cacy of LS-1–137 was compared with the known σ1 receptor agonist
PRE-084 and antagonist NE-100. Vehicle (control) or test drugs were
applied into culture medium for 30 min at 37°C. Cell lysates were
collected and used for the detection of σ1 receptors coupled to BiP.
Test drugs were applied at 1 or 10 μM final concentration (n ≥ 3).
Data is presented as the percent (%) of untreated control cells ± SEM.
***P = 0.004 versus control; ****P < 0.001 versus control; ns P > 0.05
not significant.
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LS-1–137 in the absence of scopolamine did not affect the
performance of the mice in the active avoidance task com-
pared with the vehicle treated group.

We then tested the reference σ1 receptor agonists PRE-084
and PPCC, as well as the antagonist NE-100, in this assay
(Figure 2B). Both PRE-084 and PPCC significantly attenuated
the effect of scopolamine (PRE-084, 31.1 ± 1.0 trials; PPCC,
28.6 ± 2.2 trials; scopolamine, 38.5 ± 2.4 trials). One-way
ANOVA indicated a significant effect of treatment [F (4, 36) =
27.52; P < 0.0001]. However, NE-100 was not able to amelio-
rate the effect of scopolamine.

To further validate the σ1 receptor-mediated activity of
LS-1–137 in this assay, we co-administered LS-1–137
(3 mg·kg−1) and NE-100 (5 mg·kg−1). Fifteen minutes after the
injection of LS-1–137 and NE-100, scopolamine was admin-
istered to the mice. NE-100 blocked the effect of LS-1–137
(37.7 ± 2.1 trials; Figure 2C). One-way ANOVA indicated that
the effect of the antagonist NE-100 on LS-1–137 treatment
was significant [F (2, 23) = 4.57; P = 0.02].

Spatial learning and memory studies
The efficiency of the mice to locate the hidden platform over
three consecutive days using the Morris water maze task is
shown in Figure 3. The testing was started 30 min after the
i.p. injection of scopolamine. Latencies to reach the platform
(Figure 3, left panel) decreased for all the groups over the 3
day testing period. Overall, the scopolamine and the scopola-
mine plus LS-1–137-treated mice had higher latencies than
the vehicle and the LS-1–137-treated mice. On days 2 and 3,
the scopolamine plus LS-1–137-treated mice had lower laten-
cies than the scopolamine-treated mice. A two-way ANOVA

revealed significant main effects of treatment [F (3,33) =
31.54; P < 0.001] and days of testing [F (2,66) = 15.44; P <
0.001], but showed no interaction of treatment and days [F
(6,66) = 0.804; P = 0.57].

Path lengths to reach the platform were also quantified.
Path lengths decreased for all of the groups over the 3 day

testing period (Figure 3, middle panel). The scopolamine and
scopolamine plus LS-1–137-treated mice had a longer path
length than the other mice to reach the platform. On days 2
and 3, the scopolamine plus LS-1–137-treated mice per-
formed better (shorter path length) than the scopolamine-
treated ones. A two-way ANOVA revealed significant main
effects of treatment [F (3,33) = 34.01; P < 0.001] days of testing
[F (2,66) = 11.05; P < 0.001] and a significant interaction of
treatment and days [F (6,66) = 2.26; P = 0.048].

While the swim speed of most groups remained constant,
the swim speed of the scopolamine-treated mice increased
slightly over the 3 day testing period (Figure 3, right panel). A
two-way ANOVA yielded a significant interaction of days of
testing and treatment [F (6, 66) = 4.711, P < 0.0005] and no
main effect of treatment [F (3,33) = 0.8094; P = 0.4978] or
days [F (2,66) = 0.1858; P = 0.8308].

Muscarinic binding
Both the active avoidance task and the water maze studies
indicated that LS-1–137 was capable of partially attenuating
the cognitive deficits caused by the administration of the
muscarinic antagonist scopolamine. One possible mecha-
nism of action might be that LS-1–137 was competitively
binding to the muscarinic binding sites and blocking
scopolamine binding in vivo. To test this possibility, we
determined the affinity of LS-1–137 for muscarinic receptors
using the radioligand 3H-QNB, which is a high-affinity
(Kd = 0.04 nM) muscarinic receptor-selective radioligand.
Competitive radioligand binding studies were conducted
using rat brain cortex tissue and 3H-QNB to compare the
ability of scopolamine and LS-1–137 to competitively
inhibit radioligand binding (Hulme et al., 1978). There was
a >1000-fold difference in affinity of LS-1–137 (Ki = 1447 ±
894 nM, n = 3) for 3H-QNB binding sites compared with
scopolamine (Ki = 0.61 ± 0.16 nM, n = 4). A composite com-
petitive binding curve for scopolamine and LS-1–137 is
shown in Figure 4.

Figure 2
Modulation of scopolamine effects on learning by LS-1–137 using the active avoidance task. An active avoidance task was used to assess the effects
of scopolamine on short-term learning. All test drugs were administered prior to starting the test. Male C57BL/6J mice were pretreated with
LS-1–137 (LS) or vehicle (Veh) at 15 min prior to scopolamine (Scop) administration. The test was started 30 min after the scopolamine injection.
The data presented in the figure panels represents the number of trials for an animal to meet the criteria. Data are reported as the means ± SEM.
for n ≥ 6 animals per group. *P < 0.05 vs. scopolamine and #P < 0.001 vs. vehicle group). Panel A (left): comparison of the effects of vehicle versus
scopolamine (1 mg·kg−1) versus scopolamine plus LS-1–137 (3 mg·kg−1) versus vehicle plus LS-1–137. Panel B (middle): comparison of the effects
of vehicle versus scopolamine (1 mg·kg−1) versus scopolamine in the presence of PRE-084, PPCC or NE-100. Panel C (right): ability of NE-100 to
attenuate the inhibition of the effect of scopolamine by LS-1–137. *P < 0.05, **P < 0.008.
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Effect of LS-1–137 on recombinant
NMDA receptors
NMDA receptors have been reported to play a key role in
synaptic plasticity and memory (Huang and Dillon, 1999;
Hunt and Castillo, 2012). It has been reported that σ receptor
ligands may have bidirectional modulation on NMDA recep-
tor function, depending on ligand structure and the ligand
concentrations that are used. This modulation of NMDA
receptor function might occur directly or via an interaction
with σ1 receptors (Nishikawa et al., 2000; Kume et al., 2002;
Martina et al., 2007). To examine whether an indirect or a
direct modulation of NMDA receptors might contribute to
our observed in vivo effects of LS-1–137 on cognitive function
presented here or the neuroprotective effects we reported
previously (Luedtke et al., 2012), we assessed the effect of
LS-1–137 on NMDA responses recorded from HEK 293 cells
transiently expressing rat recombinant GluN1NR2A recep-
tors. GluN1NR2A receptors were selected for these studies
because they are predominantly expressed at synaptic sites in
mature neurons and are involved in long-term potentiation
(Tovar and Westbrook, 2002; Massey et al., 2004) and ischae-
mic brain damage (Liu et al., 2007).

First, to examine whether LS-1–137 can directly modulate
NMDA receptors, LS-1–137 (1 and 10 μM) was co-applied
with 20 μM NMDA (∼EC30; Huang et al., 2010). As shown in
Figure 5A, application of LS-1–137 had no effect on NMDA-
activated currents. The relative currents are 99 ± 3.1% (n = 8)
and 101 ± 2.6% (n = 11; for 1 μM and 10 μM of LS-1–137,
respectively) of control values (P > 0.05, paired t-test).

Figure 3
Effect of scopolamine (Scop) and LS-1–137 on latency, path length and speed in Morris water maze. Male C57BL/6J mice were pretreated with
LS-1–137 (LS; 3 mg·kg−1) 15 min prior to Scop administration (1 mg·kg−1). Testing was started 30 min after Scop administration. Top panel:
representative swim paths of animals in different groups (left to right: vehicle control vs. Scop vs. Scop plus LS-1–137 (LS) vs. LS-1–137) is shown.
Bottom panel: data are presented as the mean ± SEM for n ≥ 8 animals per group for the daily effects of scopolamine, vehicle control, LS-1–137
in the presence of scopolamine or LS-1–137. Bottom left panel: time taken to reach the platform (latency in seconds). Bottom middle panel:
average distance travelled to the platform (path length in cm). Bottom right panel: swim speed in cm·s−1. *Compared with Scop-treated group,
#compared with vehicle control group. P ≤ 0.05 is considered significant.

Figure 4
Comparison of the binding of scopolamine and LS-1–137 to mus-
carinic receptors using 3H-QNB and rat cortical brain tissue. Com-
petitive radioligand binding studies were conducted using murine
brain cortex tissue and 3H-QNB to label muscarinic receptors. Non-
specific binding was defined using 1 μM atropine. This figure shows
a composite competition curve for the specific binding of 3H-QNB as
a function of inhibitor concentration, where each point is the mean
inhibition from n = 4 for scopolamine and n = 3 for LS-1–137. IC50
values for each independent experiment were converted to Ki values
using the Cheng and Prusoff equation (1973). The mean Ki values ±
SEM for 3H-QNB binding sites were found to be 1447 ± 894 nM (n
= 3) for LS-1–137 and 0.61 ± 0.16 nM (n = 4) for scopolamine.
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Second, since σ1 receptors are endogenously expressed in
HEK 293 cells and able to modulate ion channel activities
(Fontanilla et al., 2009), we examined whether LS-1–137
might modulate NMDA receptor activity via activation of σ1
receptors. LS-1–137 (10 μM) was added to the external solu-
tion and continuously perfused through the bath for 3 min.
Our previous studies have shown that the onset for the effect
of σ1 receptor agonist on voltage-gated calcium channels
occurs at approximately 3 min (Tchedre et al., 2008). NMDA-
activated currents were recorded before (control), during
LS-1–137 perfusion and after washout. As shown in Figure 5B,
LS-1–137 treatment did not have a significant effect on
NMDA response (P > 0.05, paired t-test). The relative currents
were 98 ± 4.3% of control at 3 min of LS-1–137 perfusion.
Taken together, our data suggest that LS-1–137 does not have
a direct effect on GluN1NR2A NMDA receptors.

BDNF release assay
There have been several recent reports that σ1 receptor ago-
nists can increase secretion of BDNF in both cultured cell
lines and rat hippocampus tissue (Fujimoto et al., 2012;
Hashimoto, 2013; Ring and Regan, 2013). We found that
LS-1–137 could elicit the release of BDNF from primary rat
astrocytes in a dose-dependent manner (Figure 6).

Discussion

We have reported that the phenylacetamide LS-1–137 was a
σ1 receptor versus σ2 receptor-selective compound, devoid of

D2-like dopamine receptor-binding activity (i) capable of
inhibiting glutamate-dependent cell death using the HT-22
murine hippocampal cell line and (ii) exhibiting neuropro-
tective properties in a rat transient middle cerebral artery

Figure 5
Effect of LS-1–137 on rat recombinant GluN1GluN2A NMDA receptors transiently expressed in HEK 293 cells. (A, top) Representative traces of
whole-cell NMDA (20 μM)-activated currents recorded from same cell is shown. LS-1–137 (1 or 10 μM) was co-applied with NMDA to the cell
for 10 s. (Bottom) Summary data of the effect of LS-1–137 on NMDA response are shown. (B, top) Representative recording of NMDA-activated
currents recorded before, during the 3 min perfusion with 10 μM LS-1–137 and the after washout is shown. (Bottom) Summary data of effect of
LS-1–137 treatment on NMDA response are shown. All current amplitudes are normalized to NMDA response in the absence of LS-1–137 (as
100%). Each data point represents mean ± SEM from at ≥4 cells.

Figure 6
LS-1–137 induced BDNF release from rat astrocytes. LS-1–137
induced BDNF release in a concentration-dependent manner from
rat primary cortical astrocytes. Cells were treated with LS-1–137 at
the indicated concentrations for 18 h. BDNF release into the media
was measured by ELISA. The data are representative of three inde-
pendent experiments and expressed as the mean ± SEM BDNF
(pg·mL−1). The mean baseline for this assay (vehicle control) was 1.51
± 0.18 pg·mL−1.
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occlusion stroke model (Huang et al., 1998; Luedtke et al.,
2012). In the present work, we have extended those findings
by showing that LS-1–137 (i) acted as a potent agonist at σ1
receptors using both in vitro (Hayashi and Su, 2007) and
in vivo assays, (ii) exhibited cognition-enhancing properties in
vivo, (iii) exhibited low affinity binding at muscarinic and
NMDA receptors and (iv) modulated BDNF release. The
results of this study provided additional evidence suggesting
that the use of σ1 receptor agonists, in general, represent a
potential therapeutic strategy for the treatment of cognitive
decline associated with decreased cholinergic tone and that
LS-1–137 may represent a novel σ1 receptor-selective agonist
for the treatment of cognitive dysfunction.

The results of our active avoidance studies indicated that
LS-1–137 was able to attenuate scopolamine-induced cogni-
tive deficits in C57BL/6J mice without interfering with the
normal learning process in the active avoidance task or the
Morris water maze (D’Hooge and De Deyn, 2001). The com-
mercially available σ1 agonists, PRE-084 and PPCC, were also
found to be effective in attenuating scopolamine-induced
learning impairment, while the σ1 antagonist, NE-100, was
not able to reverse the scopolamine-induced cognitive deficit.
These observations are consistent with previous reports
that σ1 receptor agonists exhibit anti-amnesic properties
(Matsuno et al., 1994; Senda et al., 1997; Urani et al., 1998;
Maurice, 2002; Espallergues et al., 2007; Maurice and Su,
2009; van Waarde et al., 2011; Niitsu et al., 2012; Ito et al.,
2013).

To further validate that LS-1–137 is mediating its action
through the stimulation of σ1 receptors, we co-administered
LS-1–137 and NE-100 and found that NE-100 blocked the
effect of LS-1–137. This attenuation of the effects of LS-1–137
by NE-100 is consistent with the BiP co-immunoprecipitation
assay result indicating that LS-1–137 acts as an agonist at σ1
receptors both in vitro and in vivo.

As previously mentioned, in the absence of scopolamine
LS-1–137 did not enhance or attenuate performance in the
active avoidance task or in the Morris water maze, suggesting
that σ1 receptor compounds may mediate their action only
in the presence of atypical or pathological conditions (Urani
et al., 1998; Espallergues et al., 2007). This observation may
derive from the fact that, rather than being a classical recep-
tor signalling unit, the σ1 receptor acts as an intracellular
signal transduction modulator of multiple signalling
pathways.

The σ1 receptors localized at the mitochondria-associated
endoplasmic reticulum (ER) membrane (MAM) regulate a
variety of cellular functions including (i) Ca2+ signalling
between ER and mitochondria, (ii) neuronal differentiation,
(iii) ion channel activation and (iv) cellular survival. Under
resting conditions, σ1 receptors are bound to the ER chaper-
one protein BiP. Ligand stimulation or ER Ca2+ depletion
causes a dissociation of σ1 receptors and BiP. The unbound σ1
receptor chaperones the unstable inositol 1–4-5-triphosphate
(IP3) receptor and prevents IP3 receptor degradation. Stabili-
zation of the IP3 receptors increases Ca2+ flow into the mito-
chondria. This increase of Ca2+ in the mitochondria results in
the activation of enzymes that trigger ATP production via the
Krebs cycle. Thus, σ1 receptors are postulated to drive the
bioenergetics within the cell (Hayashi and Su, 2007; Ishikawa
and Hashimoto, 2010; Ortega-Roldan et al., 2013).

The σ1 receptor has also been reported to regulate
metabotropic receptor signalling including amplification of
NMDA-sensitive glutamatergic receptor, dopaminergic and
IP3-related metabotropic receptor activity. σ1 receptor activa-
tion also modulates Ca2+ signalling at the ER, regulates IP3
receptor activity and modulates neurotransmitter release (Su
and Hayashi, 2003; Hayashi and Su, 2005). The σ1 receptor
has also been postulated to regulate ER stress, cellular redox,
cellular survival and synaptogenesis (Hayashi and Su, 2007;
Fujimoto et al., 2012).

In addition to our studies demonstrating LS-1–137 neu-
roprotective properties in a rat transient middle cerebral
artery occlusion stroke model (Luedtke et al., 2012), there
have been a number of studies suggesting that σ1 receptor
activation can lead to neuroprotection. Antonini et al. (2009;
2011) demonstrated that occupation of the rat σ1 receptor by
PPCC and (-)-MR22 can prevent cognitive impairment caused
by the combined administration of the muscarinic receptor
antagonist atropine and immunotoxin 192 IgG-saporin,
which leads to a loss of cholinergic neurons in the basal
forebrain. Those authors suggest that the observed PPCC and
(-)-MR22 mediated neuroprotection might be due to stabili-
zation of IP3 receptors that prolong the flow of calcium into
the mitochondria. Other studies suggest that σ1 receptor
stimulation can lead to the activation of PLC/PKC pathways,
which promotes neurogenesis (Maurice et al., 2006; Villard
et al., 2011).

The neuroprotective properties of σ1 agonists have also
been studied in the context of neurodegenerative disorders.
The cognitive impairments and toxicity induced in mice after
intracerebral injection of amyloid peptides was prevented by
the administration of the σ1 receptor-selective agonist PRE-
084 (Meunier et al., 2006; Villard et al., 2011).

In the last several years, there have been reports that
agonist-mediated σ1 receptor chaperone activity may be
linked to the secretion and the regulation of BDNF (Fujimoto
et al., 2012; Hashimoto, 2013; Ring and Regan, 2013). BDNF
plays a crucial role in regulating neuron growth, repair and
synaptic plasticity. Increased BDNF levels in vivo have been
shown to correlate with increased long-term potentiation,
neurogenesis, learning and improved memory (Yamada et al.,
2002; Yamada and Nabeshima, 2004), whereas reduced levels
of BDNF have been implicated in the pathogenesis of neuro-
degenerative disorders (Mattson et al., 2004a,b). It is postu-
lated that the chaperone activity of σ1 receptor leads to
increased release of BDNF, which, in turn, modulates signal-
ling pathways that promote neuroprotection (Yagasaki et al.,
2006). Fujimoto et al. (2012) proposed that the antiamnesic
properties of the σ1 receptor agonist SA-4503 might be due, at
least in part, to its ability to enhance release of the BDNF in
the hippocampus (Fujimoto et al., 2012).

In this study, we demonstrated that LS-1–137 can dose
dependently cause the release of BDNF from neonatal rat
astrocytes. Scopolamine is known to modulate the BDNF
expression (Lindefors et al., 1992). Therefore, it is possible
that the diminution of the in vivo effects of scopolamine that
we observed following LS-1–137 administration might be
due, in part, to increased release of BDNF.

Additional studies will be required to further define the
mechanism of action of LS-1–137 on BDNF release. In a
previous study it was reported that SA-4503 increased BDNF
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release from the rat neuroblastoma cell line B104 in a dose-
dependent manner by potentiating the post-translational
processing of BDNF, without affecting BDNF mRNA expres-
sion levels. SA-4503 was reported to decrease intracellular
levels of both pro-BDNF and mature BDNF, whereas extracel-
lular levels of mature BDNF increased (Fujimoto et al., 2012).
The chaperone activity of σ1 receptor has also been proposed
to promote the secretion of mature BDNF from its precursor
pro-BDNF (Hashimoto, 2013). Although the mechanism of
action of LS-1–137 in currently undefined, the observed dose-
dependent effect of LS-1–137 on BDNF release is consistent
with a number of recent studies suggesting that σ1 receptor
agonism potentiates BDNF release (Fujimoto et al., 2012;
Hashimoto, 2013; Ring and Regan, 2013; Francardo et al.,
2014; Peviani et al., 2014).

While the neuroprotective properties of LS-1–137 may
play a role in the attenuation of the behavioural effects of
scopolamine, it seems more likely that the ability of σ1 recep-
tor agonists to modulate cholinergic transmission may be
more germane to the in vivo effects of LS-1–137 reported in
this communication. Several studies have shown σ1 receptor
activation increases cholinergic neurotransmission in (i) rat
hippocampal slices and (ii) the rat hippocampus and cortex.
These effects were blocked by the σ1 receptor antagonist
haloperidol (Junien et al., 1991; Matsuno et al., 1992; 1993;
1994; 1995). Other studies demonstrated that the cognitive
effects of σ1 receptor ligands can be prevented by σ1 receptor
antisense oligonucleotides but not by the administration of a
mismatch oligodeoxynucleotide (Matsuno et al., 1994; Senda
et al., 1997; Maurice et al., 2001).

One caveat to this proposal is the possibility that the
observed LS-1–137-dependent attenuation of scopolamine-
induced cognitive deficits might be the result of LS-1–137
binding off-target at muscarinic or NMDA receptors.
However, we evaluated the binding properties of LS-1–137 at
these receptors and found that LS-1–137 is essentially devoid
of muscarinic and NMDA receptor-binding activity.

In conclusion, based upon the results presented in this
communication and our previous studies using a rodent
model of stroke, the phenylacetamide LS-1–137 is a novel σ1
versus σ2 receptor-selective agonist that is devoid of D2-like
dopaminergic and muscarinic receptor-binding activity. Fur-
thermore, LS-1–137 exhibits neuroprotective and cognitive-
enhancing properties in vivo and has neurotrophic factor
regulatory properties.
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